We report on high magnetic field dilatometry measurements of the frustrated spinel CdCr2O4, and discover a distinct negative thermal expansion in the high-field fractional magnetization state. By precisely mapping the phase diagram, and comparing to its counterpart derived from Monte Carlo calculations based on a magnetoelastic theory, we identify a particularly strong spin-lattice coupling in the fractional magnetization state. We show that negative thermal expansion in the pyrochlore lattice can be accounted for within the magnetoelastic theory, as an effect of negative temperature derivative of magnetization and strong spin-lattice coupling.
Frustrated magnets are materials with competing spin interactions, which cannot be simultaneously satisfied. The spin system cannot reach a single magnetic ground state, so it exhibits a huge ground state degeneracy. Spin frustration gives rise to a wide variety of fascinating physical phenomena, such as quantum spin liquids [1] and magnetic monopoles in spin ices [2, 3] . Additionally, frustrated magnets are often found to exhibit negative thermal expansion (NTE), which effect provides a route for the control of thermal expansion necessary to ensure the performance of high-precision devices [4] .
In frustrated magnets with a strong coupling between the spin and lattice degrees of freedom, the interplay between magnetic field and spin-lattice coupling produces a range of phases in which frustration is partially relieved. These phases may exhibit NTE, but until now there is no general understanding of the underlying reason for this phenomenon, or how it is linked to spin-lattice coupling.
In this Letter, we report on thermal expansion and magnetostriction measurements of the frustrated spinel CdCr 2 O 4 , in magnetic fields up to 30 T. Thermal expansion measurements in high magnetic fields can provide valuable insight into magnetostructural phases: by combining this with the well-known magnetic states, we can explain how strong spin-lattice coupling drives NTE. We map the phase diagram, which we compare to that derived from magnetoelastic theory. The high-field fractional magnetization state exhibits enhanced thermal stability compared to theory, characteristic of a strong spin-lattice coupling in this phase. This state also shows a distinct type of NTE: this effect is accounted for within the framework of the magnetoelastic theory, providing a general result for NTE in pyrochlore lattices.
The pyrochlore lattice, which consists of corner sharing tetrahedra, is a well-known stage for strong geometric frustration [5] . This structure is realized in the position of the Cr 3+ ions in the chromium spinels ACr 2 X 4 , where A is Zn, Cd or Hg and X is O, S or Se. The strength and sign of the Cr-Cr spin coupling depends strongly on the interatomic distance [6, 7] , leading to a strong coupling between spin ordering and lattice distortions. The oxide spinels ACr 2 O 4 all have antiferromagnetic spin coupling and are magnetically frustrated: because of the frustration they remain paramagnetic down to temperatures well below the Curie-Weiss temperature Θ CW . At T N the spin frustration is relieved due to a spontaneous lattice distortion [8, 9] , which allows a noncollinear spinspiral antiferromagnetic ground state [10, 11] .
The Cr oxide spinels show another magnetostructural transition at high magnetic field, to a fractional magnetization state with one half of the saturation magnetization, in which three of the spins in each tetrahedron are up and one is down [12] [13] [14] [15] [16] . This state has a constant magnetization across a wide range of magnetic fields, and it is thus often referred to as the "plateau" state. Both the magnetostructural transition at T N and the transition to the half-magnetization plateau are manifestations of the strong spin-lattice-coupling in the Cr oxide spinels: a developed magnetoelastic theory [12, 17] , describes how the plateau state is stabilized by the spin-lattice coupling.
In order to probe the interplay of frustration and spinlattice coupling, we performed thermal expansion and magnetostriction measurements of CdCr 2 O 4 using capacitive dilatometry at low temperatures and high magnetic fields up to 30 T. This compound was chosen since it is arXiv:1812.05890v1 [cond-mat.str-el] 14 Dec 2018 highly frustrated, with f = |Θ CW |/T N ≈ 10, high quality single crystals are available, and it is possible to reach the plateau phase in static (DC) high field facilities. So far, zero-field thermal expansion measurements [18] , and pulsed-field magnetostriction measurements [13] , have been reported. We measured the strain ∆L/L along the [111] direction: the magnetic field is parallel to the [111] direction. The sample is clamped between two plates in the dilatometer, thus applying a small [111] uniaxial pressure. We studied a series of single-crystal samples, all of which are plate-like with wide (111) faces, around 3-5 mm in diameter and between 80 µm and 500 µm thick. Thermal expansion measurements from 5 K to 10 K at zero field were collected with a capacitive minidilatometer in a PPMS [19] . Fig. 1 shows the magnetostructural transition from the cubic Fd3m, paramagnetic phase to the tetragonal I4 1 /amd, antiferromagnetic phase on cooling through T N [18] . Increasing the force applied to the sample from 2.2 N to 5.2 N slightly suppresses T N from 7.8 K to 7.5 K, and also results in a sharper transition, with a higher thermal expansion coefficient α ( Fig. 1(b) ). This is an opposite effect to the one seen with the application of hydrostatic pressure, where increasing pressure enhances T N and Θ CW [7] . We can explain this as due to the applied [111] stress competing with the [001] strain due to the cubic to tetragonal transition. Suppression of antiferromagnetic ordering by uniaxial pressure has also been seen in the chiral magnet MnSi [20] .
The data shown in Fig. 1 show a strain of ≈ −4×10 −4 at T N , slightly larger than the value of −1.6 × 10 −4 derived from neutron diffraction data [21] and the similar values reported in previous thermal expansion measurements [18] . This discrepancy can be explained by a slight miscut angle between the [111] axis and the direction of applied pressure. For high field measurements ( Fig. 2 ) we polished the samples to have parallel and flat surfaces. This helps to reduce the applied pressure in the dilatometer, and so to avoid any ambiguity in the Néel temperature imposed by uniaxial pressure. Polishing had the effect of further increasing the strain observed at T N , possibly due to an unintended increased miscut or wedge angle between the sample faces.
High field measurements were carried out with the sample mounted in a capacitive dilatometer in a 30 T resistive Bitter magnet [19, 22] . A force similar to the highest force in Fig. 1 was applied. Fig. 2 (a) presents thermal expansion from 4.2 K to 10.4 K at zero field and at field increments up to 30 T. The magnetostructural transition at T N decreases from 7.5 K at zero field to 5.5 K at 27 T, while the measured [111] strain at T N remains constant. At 26.5 T and at 6.4 K the transition from the high-temperature paramagnetic phase to the low-temperature half-magnetization plateau phase can be seen in the ∆L/L data as a peak superposed on a step, Fig. 2(b) . The appearance or the absence of the peak is sample dependent, while the step was present in all the measured samples. Both phases are cubic -the paramagnetic state Fd3m, the plateau state P 4 3 32 [11]so from the step we can measure an increase in unit cell volume on cooling, of ∆V /V ≈ 1.8 ± 0.9 × 10 −4 .We can explain this increase in volume qualitatively as part of the general principle of the magnetoelastic theory that increased magnetization leads to increased unit cell volume, if antiferromagnetic interactions are assumed [12] . Below this transition and above 27 T, NTE is seen in the plateau phase, shown in Fig. 2(b) .
In addition to thermal expansion, constanttemperature magnetostriction measurements were made with field sweeps up to 30 T, at temperatures between 1.3 K and 4.2 K. Fig. 2 (c) shows the results from 25 T to 30 T. We see a hysteretic transition from the tetragonal antiferromagnetic phase to the plateau phase, which is consistent with a first order phase transition. Previous pulsed field measurements reported a colossal negative magnetostriction at the transition to the half-magnetization plateau, for both [111] and [110] directions [13, 15] . In our [111] measurements we find a positive magnetostriction at this transition. This is consistent both with measurements on HgCr 2 O 4 [23] , and with the magnetoelastic theory [12] , in which jumps in magnetization are mirrored by unit cell expansion. Both the transition with field to the plateau phase ( Fig.  2(c) ) and the thermal transition at T N to the cubic, paramagnetic phase ( Fig. 2(a) ) have the same sign and similar magnitude in ∆L/L. This indicates that these phases have a similar unit cell, and supports the finding that the plateau phase also has overall cubic symmetry [11, 24] .
We also performed a second magnetostriction experiment in a superconductor magnet, between zero and 15 T and from 2.2 K to 7 K. The inset in Fig. 2 (c) presents magnetostriction data at 4.2 K, which show a hysteretic low field transition at around 4.5 T. A similar transition has previously been observed in magnetization data [10, 25] . Based on ESR and optical spectroscopy measurements [25, 26] this has been interpreted as a transition from a helical structure to a commensurate canted spin structure. Neutron diffraction experiments, though, appear to rule out an incommensurate to commensurate transition [10] , instead implying a rearrangement of spin spiral domains between 2.5 and 6 T. When the field is in the a-c plane in which the spins rotate in the spiral, a spin-flop is observed: since we apply the field along the [111] direction we would expect a flop to a conical spin spiral.
We can summarize the results from the thermal expansion and magnetostriction measurements in a phase diagram, shown in Fig. 3(a) . Three main phases are described: the high-temperature paramagnetic phase, the antiferromagnetic phase below 7.5 K and below 28.7 T, and the high-field half-magnetization plateau phase. Inside the antiferromagnetic phase we identify a low field transition, which increases from 4.3 T at 2.2 K to 5.1 T at 7 K. Hysteresis is observed in all the transitions. We do not find any experimental evidence of the additional phase transition recently reported from sound velocity measurements [27] , though the temperature dependence of the low field transition is consistent with that report.
Our new phase diagram is more precise for fields above 12 T than previous diagrams [13, 28] . We can use a magnetoelastic theory to reproduce the experimental phase diagram, and explain the presence of NTE in the plateau state. A simple, symmetry-driven approach to spin-lattice coupling in Cr spinels, and the corresponding phase transitions in applied magnetic field, was introduced in [12] . In its simplest form, this theory reduces to solving an effective spin model with only two adjustable parameters,
where ij are the nearest-neighbor bonds of a pyrochlore lattice, h is the applied magnetic field and J the overall scale of (antiferromagnetic) exchange interactions. b = Jα 2 /K reflects the strength of the spin-lattice coupling, where K is the elastic constant and α is the spin-lattice coupling. In the case of CdCr 2 O 4 , measurements of magnetization lead to an estimate of b ≈ 0.1 [29] .
The effective spin model [Eq.
(1)] can be solved using classical Monte Carlo calculations [15, 30] , leading to the phase diagram shown in Fig. 3(b) . Here, calculations have been carried out for 4-sublattice order, stabilized by an additional third-neighbor interaction J 3 = −0.05J [30] . However, very similar results are obtained for 16sublattice order [31] . The phase diagram in Fig. 3(b) has been calculated for b = 0.1: for purposes of comparison, the results have been scaled for the experimental values of T N and the critical field H c1 .
The Monte Carlo results reproduce the experimental phases well, particularly the B-T dependence of the transitions to the antiferromagnetic phase. The main discrepancy between theory and experimental data is seen in the transition from the paramagnetic phase to the plateau phase, which experimentally has a considerably lower slope in B/T. This indicates that the plateau phase is stable to a higher temperature than the antiferromagnetic phase, as observed experimentally for HgCr 2 O 4 [14] . By contrast, the Monte Carlo phase diagram ( Fig. 3(b) ) predicts that the plateau phase is stable only up to a temperature similar to T N . In a more general formulation of the magnetoelastic theory, the coefficient of spinlattice coupling, b, takes on different values in phases in which tetrahedra undergo distortions with different symmetry [12, 32] . In the present case, this leads to three distinct parameters; b A1 (uniform changes in volume); b E (tetragonal distortions, found in the AF phase); b T2 (trigonal distortions, found in the half-magnetization plateau). From detailed comparison of the magnetoelastic theory to magnetization data for CdCr 2 O 4 , Kimura et al. [29] obtain b A1 = 0.05, b E = 0.1, b T2 = 0.14. The Monte Carlo calculations shown in Fig. 3(b) assume b A1 = b E = b T2 = 0.1 so probably underestimate b T2 , and hence the thermal stability of the plateau state, explaining the discrepancy seen between the experimental and theoretical results.
We now turn to the issue of the NTE in the plateau phase. NTE has been seen in several spinel compounds, including CdCr 2 S 4 [33] and ZnCr 2 Se 4 [34, 35] . CdCr 2 O 4 also shows the effect at zero field between 140 K and 45 K [18] . In all these cases the onset of NTE is above the magnetic ordering temperature, and the transition is continuous in d(∆L/L)/dT . The high field thermal expansion measurements of CdCr 2 O 4 here, though, show an abrupt onset of NTE at the transition from the paramagnetic to the half-magnetization plateau phase (Fig.  2(b) ). This suggests a mechanism related to the specific properties of the plateau phase.
NTE in pyrochlore lattices is often attributed to strong spin-lattice coupling [18, 33, 34] , but a general, microscopic theory is lacking. We can account for the NTE in the plateau phase, via an extension of the previously described symmetry-driven magnetoelastic theory. We find that the dominant magnetic contribution to the thermal expansion comes from the dependence of the A 1 (volume) distortion on the magnetization [36], with the contribution of the E and T 2 distortions being negligible. We can define the magnetic thermal expansion coefficient in terms of the magnetization M and spin-lattice coupling strength α:
Where r 0 is the equilibrium lattice spacing. We have assumed here that J does not vary with temperature: although in some compounds J is variable [35] we conclude that this is not necessary to produce NTE. NTE will occur when the magnetic contribution to the thermal expansion, given by Eq. (2), is negative and sufficiently large to overcome the normal lattice positive thermal expansion [37] . This condition will be met when the spin-lattice coupling α is large, and the product of M and ∂M /∂T is large and negative. These conditions are clearly met in the plateau phase of the Cr oxide spinels. The above discussion of the thermal stability of the plateau phase demonstrates a particularly strong spinlattice coupling, and Monte Carlo calculations, shown in supplementary Fig. S1 and in Ref. [30] , show that magnetization is sharply suppressed by increasing temperature in the plateau phase. This is a general result for a spin-only pyrochlore lattice, and we would expect NTE to occur in many pyrochlore compounds where these criteria are met: this is supported by measurements on other Cr spinels. In CdCr 2 S 4 , NTE is observed to set in below 98 K in the paramagnetic phase, and persists into the ferromagnetic phase [33] : here ∂M /∂T < 0 in both phases. ZnCr 2 Se 4 shows NTE below 75 K, but it is suppressed below T N = 21 K [34, 35] , where ∂M /∂T > 0. We would also predict NTE to occur in the high-field saturated magnetization phase of the oxide spinels.
In summary, we made thermal expansion and magnetostriction measurements of the frustrated spinel CdCr 2 O 4 , at low temperatures and at magnetic fields up to 30 T. We observe NTE in the plateau phase, which can be explained via a general result from magnetoelastic theory, and the particular properties of this phase, namely strong spin-lattice coupling and negative temperature derivative of magnetization. The experimental phase diagram strongly resembles that produced from Monte Carlo calculations derived from the magnetoelastic theory, but diverges in that the plateau phase is more thermally stable than predicted, providing independent verification of the particularly strong spin-lattice coupling in this phase. The general result provided for the magnetic contribution to thermal expansion in the pyrochlore structure can provide a route to identification of new NTE materials in the future.
